INTRODUCTION
Shallow Subterranean Habitats (SSHs) are aphotic environments that are less than 10 m below the surface (Culver & Pipan 2008 . They include hypotelminorheic and associated seepage springs, hyporheic, and epikarst (defined below). SSHs, because of their close connections with the surface, are typically intermediate in environmental variability and in average parameter values between surface and deep subterranean habitats (Culver & Pipan 2008 . These patterns are largely based on extensive temperature records for both terrestrial ) and aquatic ) SSHs.
As a very general rule, productivity in surface terrestrial habitats is limited by availability of usable nitrogen (fixed nitrogen) and productivity in surface aquatic habitats is limited by availability of phosphorus. By contrast, productivity in deep subterranean habitats (>10 m deep), especially cave streams (Simon & Benfield 2002; Huntsman, Venarsky & Bernstead 2011; Venarsky, Bernstead & Huryn 2012) , seems to be controlled by the amount of organic carbon, with "bottom-up" control of the detrititus-based community. Shallow subterranean habitats, with the exception of the hyporheic (see e.g. Danielopol et al. 2000; Datry et al. 2005; Marmonier et al. 2000; Vervier et al. 1992) , have been little studied in this regard, and little is known about the amount of organic carbon available in SSHs.
In this study, we report on dissolved organic carbon values in a variety of SSHs present on Nanos Mountain and above nearby Postojna Planina Cave System in Slovenia. we compare these results with other studies of organic carbon in SSHs, and propose that organic carbon, especially dissolved organic carbon, is likely a limiting factor in many aquatic SSHs.
A REVIEw OF AqUATIC SSHs Culver and Pipan (2011) propose that aquatic SSHs share the following features:
• groundwater-fed habitats less than 10 m from the surface;
• with many replicates across the landscape;
• rich in organic matter relative to other aquatic subterranean habitats;
• with intimate surface connections.
Portions of most caves are in the zone of less than 10 m from the surface, but the habitats typically extend deeper and so are not included. Exceptions are lava tubes which are always quite shallow (Palmer 2007) , but lava tubes rarely have any water because of the high porosity of the lava in which they occur. The three major aquatic SSHs are (1) the hypotelminorheic and associated seepage springs, (2) epikarst, and (3) hyporheic flows associated with rivers and streams.
HYPOTELMINORHEIC
The Croatian speleobiologist, Milan Meštrov (1929 Meštrov ( −2010 applied the term "hypotelminorheic" to shallow groundwater habitats that are vertically isolated from the water table and are "constituted of humid soils in the mountains, rich in organic matter and traversed by moving water" (Meštrov 1962 (Meštrov , 1964 . He included cases where the habitat was in close proximity to caves (he gave an example from Moulis, France) and an example of where the outlet of a hypotelminorheic habitat was the beginning of a mountain stream in Risnjak, Croatia.
Elaborating on Meštrov's (1962 ) definition, Culver et al. (2006 proposed that the term "hypotelminorheic" be used to describe habitats with the following features (see also Culver & Pipan 2008 ):
1. A perched aquifer fed by subsurface water that creates a persistent wet spot;
2. Underlain by a clay or other impermeable layer typically 5 to 50 cm below the ground surface; 3. Rich in organic matter compared with other aquatic subterranean habitats. Culver et al. (2006) also indicated that the drainage area of a seepage spring is typically less than 1 ha, in a shallow depression, and that the leaves in the seepage spring are characteristically blackened and not skeletonized. without a clay layer, water should tend to move vertically, and there would be no persistent water. Clay is a critical component of hypotelminorheic habitats, not only because it acts as a barrier to the downward movement of water, but also because during periods of drought, the water retained by the colloidal clay may serve as a refuge for invertebrates in the hypotelminorheic, into which they can burrow (Holsinger & Dickson 1977) . According to Ginet and Decu (1977) , clay and its associated bacteria and organic matter may also have nutritional value for subterranean crustaceans. The water exits at a seepage spring, although there may not be flow at all times during the year.
For most species associated with the hypotelminorheic, it is the subterranean water of the hypotelminorheic and not the seepage spring, i.e., the groundwater/surface water ecotone (see Gibert 1991) , that is their primary habitat. The seepage spring is the point of collecting most of the hypotelminorheic fauna, but is not the shallow groundwater habitat itself, but a few species are primar-ily inhabitants of the ecotone itself (see below). Many of the species found in the hypotelminorheic are hypotelminorheic specialists with the morphology typical of subterranean species, including loss of eyes and pigment and elongation of appendages Pipan & Culver 2012) . Micro-crustaceans are little studied in these habitats, but the macrofauna is dominated by amphipods (e.g. Culver, Holsinger & Feller 2012) . The hypotelminorheic and the associated seepage spring ecotone are clearly an example of a groundwater dependent ecosystem (Eamus & Froend 2006) . Seepage springs are also isolated wetlands, although a highly miniaturized ones. Photographs of several seepage springs are shown in Fig. 1 . EPIKARST Epikarst is the uppermost part of karst, where stress release, climate, tree roots, and karst processes fracture and enlarge rock joints and cracks, creating a more porous zone over the carbonate rock in which only a few vertical joints and cracks occur (Bakalowicz 2012) . This zone, the epikarst, is important as a site of cave formation, water storage, and a habitat for many species. Typically 3 to 10 m thick, epikarst overlies the water infiltration zone, which is itself intersected by occasionally enlarged vertical fractures and conduits (Fig. 2) . Because of this, the base of the epikarst acts as an aquitard, a layer of low permeability, resulting in a local perched water table and a perched aquifer. According to williams (2008) the typical porosity (per cent open space) of unweathered limestone is 2 percent while that of epikarst typically exceeds 20 percent. More generally, water storage in epikarst is the reason why cave streams typically have water for long periods of drought.
The connection of outflow from epikarst, which is measured by the output from drips in caves coming from epikarst, has a complex connection with precipitation Kogovšek (2010) . Typically, output spikes after several precipitation events, which cumulatively fill the cavities in epikarst. Based on continuous monitoring of three epikarst drips for three years in Postojnska jama (Slovenia), Kogovšek (2010) was able to estimate total surface catchment area of an individual drip using precipitation and drip rate data. The largest catchment area of a drip was quite small, approximately 200 m 2 . Epikarst harbors a rich aquatic fauna (Pipan 2005; Culver et al. 2012) , much of it limited to subterranean Meštrov (1962) Malard et al. (2002) .
METHODS AND MATERIALS
STUDY SITES Nanos is largely flysch mountain in the Kras (Karst in English) region of Slovenia. It ranges in elevation from 1262 m at the summit to approximately 550 m at its base near the village of Razdrto. On the southern flank of the mountain, near Razdrto, we located a series of three seepage springs, one small stream with a hyporheic zone, two small springs (both gushets sensu Krešič 2010) near the headwaters of a stream, and a small surface stream. Seepage springs were separated into two groups-those that contained amphipods of the genus Niphargus, a common inhabitant of European groundwater and those that lack this amphipod genus. These sites were within 600 m of each other and ranged in elevation from 600 to 750 m. Samples were taken monthly during 2011. SAMPLE ANALYSIS water was collected in a 60 cc syringe and passed through a 0.45 mm glass fiber filter (Gelman GF/F). water samples were filtered into an acid washed 50 mL HDPE sample bottle and preserved to pH 2 with two drops of concentrated HCl. The samples were analyzed for dissolved organic carbon (DOC) by concentration using the persulfate digestion method on a Thermo Scientific HiPerTOC Analyzer. Each sample was analyzed five times, and the mean value of these is what is reported. Statistical differences were analyzed using ANOVA.
habitats, and often limited just to epikarst habitats . Numerically, the fauna is dominated by copepods and the macroscopic fauna is dominated by amphipods and isopods.
HYPORHEIC
The hyporheic zone, the best studied by far of all interstitial habitats, is the surface-subsurface hydrological exchange zone beneath and alongside the channels of rivers and streams. A more technical definition is provided by Krause et al. (2011) :
A temporally and spatially dynamic saturated transition zone between surface and ground water bodies that derives its specific physical (e.g., water temperature) and biogeochemical (e.g., steep chemical gradients) characteristics from mixing of surface-and ground water to provide a dynamic habitat and potential refugia for obligate and facultative species.
The hyporheic of rivers is an ecotone between surface and groundwater (Fig. 3) . The hyporheic zone may or may not have permanent groundwater (phreatic water) connections (Fig. 4) . In rare cases, hyporheic and groundwater are absent, and the stream flows on impermeable rock (Fig. 4a) . In all other cases, there is water flow vertically and laterally from channel water and/or groundwater. when there are unconsolidated sediments along the stream bank, the hyporheic can extend tens of meters from the stream bank. One hyporheic type (Fig. 4e) is a rather curious one isolated from groundwater. On a small scale, it closely resembles the hypotelminorheic.
Transfers of matter and organisms through and into the hyporheic depend on the permeability of the substrate. If sediment load increases, fine particles can settle in the gravel bed reducing permeability, or slightly large particles can form a subsurface seal. In urban streams, such as Rock Creek in washington, D.C., sediment load from storm water runoff is so heavy that nearly all pores of the hyporheic zone of some tributary streams are completely clogged and sealed (Culver & šereg 2004) .
The hyporheic harbors a diverse and rich fauna, including subterranean species, species (typically Ephemeroptera and Plecoptera) that spend most of their lives in the hyportheic except for a brief period as winged adults (Gibert et al. 1994) , and species also found in streams and rivers.
RESULTS
Estimates of dissolved organic carbon are shown in detail in Tab. 1 and summarized in Fig. 5 . There were no statistically significant differences among the sites (ANOVA), in part because of small sample sizes, but especially because of the large range of values for DOC found at each site. Except for one seepage spring, the range of values was more than 2.5 times the median. Activities of medium to large mammals (e.g. feeding and defecation) is a possible Fong and Kavanaugh (2010) suggest that the hypotelminorheic amphipod Stygobromus tenuis potomacus actively foraged in a seepage spring, and our results support his conjecture. The higher DOC levels in one seepage spring may tend to concentrate Niphargus near the seepage spring. Third, the absence of significant differences among sites indicates the superfical nature all of the subterranean habitats have in common. The absence of differences also suggests that there is not significant reduction of organic carbon levels by the consumer communities in the different habitats.
DISCUSSION
Overall, dissolved organic carbon at the boundary of the hypotelminorheic (i.e. the seepage spring) had a median value of approximately 1.4 mg C L −1 when no macroscopic stygobionts were present and approximately 3.4 mg C L −1 when they were (Tab. 1). Furthermore, these values were not very different from that of a nearby surface stream-approximately 4.5 mg C L −1
. Average values are not very different from those observed for the hyporheic, an example of which is shown in Tab. 2. In this study, Marmonier et al. (2000) found mean values for DOC ranging from 1.9 to 3.5 mg C L −1 , very similar to the median values found in the Slovenian hypotelminorheic sites. Other studies, such as that of Datry et al. (2005) found that there was a sharp decline in organic carbon with depth, if measurements were made over a greater depth range. In general, it would appear that organic carbon values within 50 cm of the surface are usually not very different.
what is different between hyporheic and hypotelminorheic sites is their temporal and spatial variability. DOC values in the study of Marmonier et al. (2000) had small standard errors, while DOC values in the hypotelminorheic varied widely (Fig. 5) . For carbon entering the hyporheic at sink points, there is a dilution and mixing effect that would act to reduce local differences. The same is not the case for the hypotelminorheic, where inputs such as animal waste or decaying biomass, would not be diluted or homogenized because there is very little surface water, and the vertical and horizontal distance the water moves into the ground is very small.
The third shallow subterranean habitat-epikarstpresents a contrast with the hyporheic and hypotelminorheic with respect to the pattern of dissolved organic carbon. There are also more extensive data on DOC in epikarst than for the other two SSHs. All of these studies measure water dripping out of epikarst habitats into caves since this is the only point of access to the water. Thus, DOC is measured at the exit of water from the epikarst.
The most extensive study is that of Ban et al. (2008) . They did an extensive series of temporal and spatial measurements of organic carbon in three drips between 70 m and 100 m apart in Shihua Cave, China. The temporal pattern of dissolved organic carbon (DOC) is shown in Fig. 6 . The general shape of the pattern is the same for all three drips, but the amount of DOC also varies from drip to drip. The highest DOC value was observed in drip JG, with a value of 2.76 mg L , or even lower, in the case of Postojna Planina Cave System (Tab. 3). In Postojna Planina Cave System, but not in Organ Cave, cave streams had more organic matter than epikarst drips. However, DOC from epikarst water is likely very important in both caves, both because it is more ubiquitous than cave streams, and because the organic carbon in epikarst water is more metabolically accessible than that in cave streams. An example is shown in Fig. 7 , where DOC quantity and quality are compared for Postojna Planina Cave System. Simon et al. (2010) Marmonier et al. (2000) . Ban et al. (2008) .
CONCLUSIONS
water in the three major shallow subterranean habitats differs in the amount and variability of dissolved organic carbon. The hypotelminorheic, the most superficial of the three and one with close surface connections, has levels of dissolved organic carbon typical of surface waters in the immediate vicinity, between 1 and 4 mg L −1 in the Nanos Mountain study area. There was very high temporal variability with occasional spikes of 10 mg L −1 or more, reflecting the poorly integrated nature of the system. The hyporheic, which is also closely connected with the surface, had similar values of DOC, but with less variability, reflecting the well connected and integrated nature of this habitat. Finally, epikarst showed the lowest average values, with spikes associated with precipitation events. Preliminary analysis of organic carbon quality suggests that epikarst water is more accessible to the subterranean community than cave stream water.
values, as well as several other measures of reactivity, all suggest that organic carbon in epikarst water is more accessible to the subterranean community than cave stream water. Clearly this is a topic worthy of more research.
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